To investigate the population-level effects of exposure to environmental endocrine disrupters, a mesocosm-scale study was carried out in which the reproductive performance of groups of free-spawning three-spined sticklebacks, Gasterosteus aculeatus, exposed as juveniles to a model estrogen, was assessed. Juvenile sticklebacks were exposed to ethinyl estradiol (EE 2 ) at measured concentrations of (mean 6 SEM) 1.75 6 0.37 ng L À1 and 27.7 6 1.08 ng L À1 for 4 wk posthatch and then reared thereafter in pristine lake water until they reached adulthood. Exposure to the higher EE 2 concentration resulted in the occurrence of ovotestis among males, whereas no gonadal abnormalities were evident among males exposed to the lower concentration of EE 2 . In addition, when spawning was allowed in the mesocosm environment, fewer nests were built per male, and fewer eggs were deposited per nest, in the group exposed to 27.7 ng L À1 . Males from this group also exhibited a less intense nuptial coloration than control males. In the group exposed to 1.75 ng L À1 EE 2 posthatch, significantly fewer nests were built than in the control group. These results demonstrate that the timing of exposure to estrogenic contaminants, in developmental terms, is critically important. Short-term exposure to estrogens as juveniles can clearly influence reproductive performance as adults, despite all growth and development subsequent to the exposure period taking place in an estrogenfree environment. In addition, these results suggest that reproductive dysfunction can occur even in fish with no gross abnormalities in gonadal structure. This suggests that the absence of gonadal intersex is not a reliable indicator of the reproductive potential, or estrogen-exposure history, of fish populations or the only important factor involved in compromising the reproduction of estrogen-exposed fish.
INTRODUCTION
In recent years, there has been much study of endocrinedisrupting chemicals (EDCs) in the environment and their potentially adverse effects on wildlife [1] [2] [3] . In the U.K., most of the research into the effects of EDCs in fish has developed from a study documenting the feminization of male fish held in cages at sewage treatment works (STWs) [4] . The main agents responsible for the feminization of male fish downstream of STWs are thought to be the natural estrogens estradiol (E 2 ) and estrone and the active ingredient in the contraceptive pill, ethinyl estradiol (EE 2 ) [5, 6] . The compounds have been shown to act on the hypothalamus-pituitary-gonadal axis (HPG axis), both singly and in combination, to produce a variety of physiological responses. The most commonly reported endpoints of an estrogenic exposure are elevations in blood or body vitellogenin (Vtg) concentrations [7] [8] [9] ; gonadal abnormalities, e.g., ovotestis [10, 11] , malformed reproductive ducts [12] [13] [14] , or both; morphological sex reversal [15] ; alteration of reproductive behaviors [16, 17] ; and a reduction in gamete quality [18, 19] . Modeling studies also suggest that EE 2 plays an important role in the endocrine disruption (ED) observed in wild fish [20] .
In the wild, effects of EDCs have been observed in the majority of fish species that have been investigated from affected sites [10, 11, 21, 22] , though the pike may be an exception [23] . Laboratory studies have shown that the low concentrations of EE 2 observed at affected sites (,10 ng/L) [5, 24] are sufficient to cause many of the observed effects [25] [26] [27] .
The plethora of observed EDC-induced effects on individuals strongly suggests that population-level effects are inevitable [2, 3] . It has been hypothesized that such alterations come about via modification of various aspects of reproductive performance (see, for example, Mills and Chichester [2] and Jobling and Tyler [28] ). Some aspects of these expectations, such as reduced competitive reproductive fitness and population failures, have been supported by laboratory experiments [29, 30] . However, for a variety of reasons, such as the complex movement and distribution of varying fish life stages throughout a river system, extrapolating the conclusions reached in laboratory studies to wild populations can be problematic [31] . With one notable exception, in which largescale studies have examined the effects of estrogen on the biota of a lake in Canada [32, 33] , manipulation of the natural environment is difficult or impossible to achieve. Even if possible, as with the Canadian studies, many ill-defined variables are introduced, such as interannual variation in wild fish populations due to variation in seasonal factors, temperature, habitat, or other toxicities not related to ED. Hence, the net impacts of exposure to EDCs on overall reproductive performance, and the way in which these translate to the population level, generally remain unknown. A compromise approach, which overcomes some of the disadvantages of both small-scale laboratory studies and large-scale environmental manipulation, is provided by the use of mesocosms, seminatural environments in which fish can be held and allowed to spawn freely [34, 35] .
The aim of the present study was to determine whether exposure to estrogens during a sensitive developmental window would influence the ability of the fish to reproduce normally, as a population, when compared with control fish not exposed to estrogen. Sticklebacks were selected for these studies because they are ideal experimental animals [36, 37] , with a welldefined and quantifiable suite of spawning behaviors [38] . Males develop a red nuptial coloration, establish and defend territories, and then build a nest into which females spawn their eggs. Males carry out all subsequent parental care, which includes picking out dead or diseased eggs, fanning the developing embryos, and guarding the nest site. Each nest may contain several clutches of eggs from different females, and several nest building cycles may be completed within a single season. Gasterosteus aculeatus was also selected as the test species because detailed information on the ''critical window'' of sensitivity to estrogen exposure is available for this species [39, 40] . Reproductive performance of the fish was measured by monitoring several reproductive variables, including nest building, gamete number, and gamete quality. The results of these studies provide new insights into potential population-level consequences of the common estrogeninduced feminizations observed in individual male fish.
MATERIALS AND METHODS

Animals
All animals in the present study were bred and housed in aquaria or outdoor mesocosms at the Centre for Ecology and Hydrology. The procedures in this study were carried out in accordance with the Animals (Scientific Procedures) Act 1986 of the U.K.
Exposure
Eggs of G. aculeatus were obtained by an in vitro fertilization protocol, similar to the one described by Barber and Arnott [41] . A total of 18 egg clutches were used, which were produced from 10 male and 12 female parents. Each group of eggs was incubated in an aerated 1-L glass beaker maintained at 158C by a water bath. Upon hatching, which occurred after 7 days, each group was split up and equally distributed between the three exposure aquaria. The exposure regime consisted of 45-L flow-through glass aquaria (100 ml min
À1
unmodified Windermere lake water delivered via a Watson-Marlow 323 peristaltic pump, Jencons-PLS, United Kingdom), each receiving nominal exposure concentrations of 0 (control), 10, or 100 ng L À1 EE 2 . The EE 2 was administered in methanol at 100 ll min À1 via a Watson-Marlow 202S multichannel peristaltic pump (Jencons-PLS, United Kingdom). The control tank received methanol only. The exposure aquaria were run for 2 wk prior to the introduction of the newly hatched fry. The exposure regime is shown in Figure 1 . The exposure was for 4 wk, during which time water samples were taken at weekly intervals, just prior to changing the stock solution, for estrogen analysis. The water samples were frozen and then later analyzed following the protocol described by Maunder et al. [42] but with a previously described EE 2 radioimmunoassay [25] . The fish were fed Artemia nauplii once daily ad libitum. Postexposure, the fish were transferred, by dip net, to flow-through 45-L aquaria receiving lake water only. They were held in separate mixed-sex treatment groups for the next year; initially, they were fed on Artemia and then on chironomid larvae four times weekly. The stocking density of each grow out tank was maintained at ,0.5 g L À1 to aid growth rates.
Subadult Sampling and Histology
Six months postexposure, a subsample of fish from each exposure group was histologically examined to assess phenotypic sex ratios and incidence of intersex. Thirty fish were selected at random from each tank, fixed in Bouins, and wax embedded. Transverse sections (6 lm) containing gonads were stained with hematoxylin and eosin and examined by light microscopy.
Mesocosm Experiments
System description. The outdoor mesocosms used in this study are part of the CEH/FBA (Centre for Ecology and Hydrology/Freshwater Biological Association) fish holding facility, located on the western side of Windermere in Cumbria (U.K.). The ponds are constructed of fiberglass and are cylindrical, with a diameter of 1.84 m. Each mesocosm contained a substrate of grit !5 cm in depth, and nest building weed was provided in the form of 20 g of wet weight Cladophora distributed within the tank in approximately 0.5-g clumps. Each mesocosm received an independent constant supply of unfiltered Windermere lake water (2 L min
À1
). The water depth was 40 cm. Water temperature was monitored throughout the experiments and ranged from 12 to 148C. There were no unusual meteorological events during the experiments, which ran from 18 July to 15 September 2005.
Experimental Procedure
Two weeks prior to the start of each experiment, 200 fish from both the control and exposed groups were moved outside into separate holding ponds that were of identical dimensions and environmental characteristics as the mesocosm tanks, but with no substrate. Six of the mesocosms were randomly designated for control fish, and the remaining six were randomly designated for the estrogen-exposed fish. A previous study showed 5 males and 10 females to be the optimal group size for the available substrate, but because of the difficulty in sexing males not displaying any nuptial coloration, it was not possible to achieve identical phenotypic sex ratios in each mesocosm. The first experiment compared fish previously exposed to measured EE 2 concentrations of 27.7 ng L À1 EE 2 (nominal) against unexposed controls and, from here onward, is referred to as experiment 1. The second experiment compared the fish previously exposed to 1.75 ng L À1 EE 2 (nominal) against controls and is referred to as experiment 2.
Following their introduction to the mesocosms, the fish were fed three times per week with a chironomid larvae mix to supplement the zooplankton and other invertebrates present in the mesocosms. Each replicate was individually inspected on 5 days of every 7 for signs of nest building. Once a completed nest (defined by a definite nest entrance) was observed in any of the replicates, the measurement cycle was started and run for 7 days. At the end of a cycle, the number of completed nests was recorded, and then each nest was carefully removed by hand and inspected for eggs. Any eggs present were removed and counted.
Following the replenishment of the used nesting material, the cycle of nest building was allowed to continue again, with observations made to record the date of the next completed nest. During the final sample day (after the third cycle), the fish were caught and anesthetized with 2-phenoxyethanol (1:3000) so that the males could be picked out and photographed to measure nuptial coloration. This was done following a protocol based on that of Frischknecht [43] . A redness index (R index) was calculated for each fish as described by 
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Barber et al. [44] . After the fish were photographed, they were killed by cranial compression, briefly dried on absorbent paper, and weighed (to 0.01 g) and measured (fork length to 1 mm). Each carcass was then dissected to remove the gonad and kidney, which were weighed (wet to 0.0001 g for calculation of gonadosomatic index [GSI] and relative kidney weight). The gonad was then fixed whole in Bouins for 24 h and processed as described for the subadult whole fish above, but it was sectioned longitudinally.
Mortalities within the mesocosms were dealt with as follows. Until the final 3 days of the experiment, dead fish were removed, sexed via inspection of the gonads, and replaced by a similar fish (size and color in males or gravid status in females) from the appropriate group. Any fish that died during the final 3 days were sexed and recorded but not replaced. There were no significant differences in treatment mortalities in either experiment.
Statistical Analysis
Multifactorial analysis of variance (GenStat 8) was employed to assess the significance of changes in numbers of nests and numbers of eggs with time per male in the exposed and control groups. All significant differences were reported at the 5% significance level. Changes in adult characteristics, including male coloration, as indicated by a calculated R index, were assessed between control and exposed groups. Mesocosm tanks and fish within mesocosms were used to produce a nested error structure with which to assess the significance of the treatments and their interactions. When mean and variance did not vary independently, as indicated by a plot of residuals against fitted values, a log transformation was applied to improve the homogeneity of variance.
RESULTS
Measurement of Actual Levels of EE 2 in Exposure Water
EE 2 levels in the control tanks ranged from undetectable to a maximum of 0.23 ng L À1 . In the three exposure tanks receiving a nominal concentration of 10 ng L À1 EE 2 , measured concentrations of EE 2 ranged from 0.45 to 3.45 ng L À1 . The average exposure concentration was (mean 6 SEM) 1.75 6 0.37 ng L À1 (n ¼ 8). In the three exposure tanks receiving a nominal concentration of 100 ng L À1 EE 2 , measured concentrations of EE 2 ranged from 23.7 to 32.4 ng L À1 . The average exposure concentration was (mean 6 SEM) 27.7 6 1.08 ng L À1 (n ¼ 8). Both of the maximum recorded levels in the EE 2 exposure tanks were therefore approximately 30% that of the nominal concentration, which is similar to previously reported levels [45] . Vtg concentrations were measured in fry during Weeks 1, 2, and 4 of the exposure (data not shown) and demonstrated that fish responded to the EE 2 in both experiments at all time points. Vtg was not measured in adult fish.
Subadult Gonad Histology
Control fish. Testes and ovaries in the control fish were structurally distinct. The majority of the testes were fully mature, containing spermatids and spermatozoa (Fig. 2a) . Some of the smaller, less well-developed testes still contained significant numbers of primary spermatogonia, particularly toward the periphery of the gonad. The ovaries were composed of primary oocytes approximately 30-100 lm in diameter (Fig.  2b) . Based on an inspection of the gonads, the phenotypic sex ratio of the control fish was 1.73:1 (F:M; Table 1 ).
Estrogen-exposed fish. No obvious histological abnormalities were detected among the 1.75 ng L À1 EE 2 -exposed group, with gonadal structure resembling that of the control population and a phenotypic sex ratio of 1.31:1 (F:M). However, the 27.7 ng L À1 EE 2 -exposed population contained intersex fish and a skewed phenotypic sex ratio. The intersex gonads were observed to contain either spermatocytes, spermatogonia, or both, together with putative ovarian tissue (Fig. 3) . The oocytes were observed to be present both singly and in clusters. They were present in one or both gonads to varying degrees. These oocytes were generally of a developmental stage and size similar to those observed in the female control ovaries. At least one primary, or later-stage, oocyte was observed in at least one of the sections from each of the male fish from this group. The number of phenotypic males in this group was reduced, with less than half the number of males ). c Gonadosomatic index (wet gonad weight/wet body weight 3 100). d Relative kidney weight (wet kidney weight/wet body weight 3 100). Table 2 ). It is assumed that some of the phenotypic females were fully sexreversed males.
Adult Somatic Characteristics
The somatic characteristics of adult fish upon removal from the mesocosms are presented in Table 2 . In experiment 1, in which the higher concentration (27.7 ng L À1 ) of EE 2 was used, no significant differences were observed in the male fish. The gonads of the exposed male fish were heavier, but not significantly so. However, estrogen-treated females had significantly heavier ovaries, the mean weights of which were more than twice those of the control ovaries (Table 2 ). It is likely that the large difference in ovarian mass influenced the other variables for which significant differences between treatment groups were detected (e.g., wet weight, condition factor, GSI).
In experiment 2, in which the lower concentration (1.75 ng L À1 ) of EE 2 was used, there were no significant differences in somatic characters between the male fish from either treatment group (Table 2) . However, the control males were heavier than the estrogen-exposed males (1.33 6 0.05 and 1.20 6 0.04 g, respectively; P ¼ 0.053), and the mean gonad weight (P ¼ 0.198) kidney weights (P ¼ 0.278), and body length (P ¼ 0.136) were all larger, though not significantly, in the control than in the exposed males. The estrogen-exposed females of experiment 2 were significantly (P , 0.002) larger than the controls (Table 2) .
Male Nuptial Coloration
The mean R indices for males from the 1.75 and 27.7 ng L À1 EE 2 -exposed groups and their respective controls are shown in Figure 4 . In both experiments, the control groups had an R index elevated above that of the EE 2 -exposed groups, significantly so for the males exposed to 27.7 ng L À1 (P ¼ 0.035; Fig. 4a ). There was no significant difference between the mean R index of the 1.75 ng L À1 EE 2 group and its control group (P ¼ 0.188; Fig. 4b ). In the 27.7 ng L À1 group, the redness values were more variable, ranging from 0.3768 6 0.0133 in mesocosm 1 to 0.4365 6 0.0055 in mesocosm 6. The number of males in each mesocosm at the end of the experiments is shown in Figure 4 . The missing value from mesocosm 5 is due to the death of the two males in this mesocosm.
Number of Nests Constructed
Because the number of males present in the mesocosms varied between experiments and treatments, the reproductive variables reported in the present study (number of nests built and number of eggs) have been normalized to the number of males present to allow comparisons between treatment groups. This includes any males that died during the final 3 days. The results are depicted in Table 3 . In experiment 1, in which the higher concentration (27.7 ng L À1 ) of EE 2 was used (Table 3) , the mean number of nests built per male through the three sample periods remained at approximately 0.7 for the control mesocosm populations. In the estrogen-exposed mesocosms, the mean number of nests per male increased with time, from 0.2 at sample 1 to 0.77 at sample 3. In this final sample, the estrogen-exposed male fish built more nests than the controls (0.7 nests per male). However, overall, the estrogen-exposed male fish built significantly fewer (P , 0.001) nests than the control male fish. The results from experiment 2, in which the lower concentration (1.75 ng L À1 ) of EE 2 was used, are presented in Table 3 . The average number of nests built by the control males was higher than the estrogen-exposed males for every sample time. Overall, the control males built an average of 2.22 nests each over the 3-wk sample period, significantly more (P ¼ 0.002) than the 1.71 built by the estrogen-exposed males.
Number of Eggs
In experiment 1, the control males acquired an average of 483 eggs during the 3-wk assessment period, compared with 72 for the estrogen-exposed males (P , 0.001; Table 3 ). The nests of the control males also contained, on average, significantly more eggs than those belonging to the exposed males (P , 0.001; data not shown).
In experiment 2, the control and estrogen-exposed males acquired an average of 269 and 213 eggs, respectively (not significant, P ¼ 0.117; Table 3 ). To determine whether the nests of estrogen-exposed males received relatively more eggs than the controls, the mean number of eggs per nest was also calculated. This showed that there was no significant difference between the mean numbers of eggs in each nest (P ¼ 0.586; data not shown).
Gamete Quality
The percentage of dead or infertile eggs recovered from within all nests from the three samples, for each mesocosm, is presented in Figure 5 . Eggs were recorded as dead if they were dead, diseased, or unfertilized (absence of postfertilization membrane or eyes) when examined. In experiment 1, the proportion of dead eggs recovered from the nests of estrogenexposed males varied from 14.4% in mesocosm 6 to 61.1% in mesocosm 4, with an overall mean value of 29.6% (Fig. 5a) . In mesocosm 5, no nests were constructed. The proportion of dead eggs recovered from the nests of control males in experiment 1 was consistently low, ranging from 1.9% to 5.0%. In experiment 2, both the control and exposed groups showed consistently low percentages of dead eggs (,3.5%; Fig. 5b ).
DISCUSSION
The present study employed a seminatural mesocosm design to investigate the reproductive performance of stickleback groups exposed to estrogens as juveniles. The results strongly indicate that a brief period of exposure to EE 2 during early development can cause significant alterations in adult reproductive performance. 2 -treated group showing ovotestis (ot)-type gonads. In the enlargement, numerous primary oocytes (po) are present next to the testicular tissue (t), containing spermatogonia (sg) and spermatids (st). Within the cluster of oocytes, areas of undifferentiated connective tissue (ct) are common. a Cumulative values that are significantly different from controls are indicated as ** P ,0.01, *** P ,0.001.
IMPAIRED REPRODUCTION IN EE 2 -EXPOSED STICKLEBACKS
Males from a group of sticklebacks exposed to EE 2 at 27.7 ng L À1 for only 4 wk posthatch and then reared in uncontaminated water for a year exhibited gonadal intersex and a skewed phenotypic sex ratio. These males built significantly fewer nests, containing fewer viable eggs per nest, than observed in control groups. A group of sticklebacks exposed to EE 2 at 1.75 ng L À1 exhibited no evidence of intersex among males and retained a normal sex ratio. However, males from this group built significantly fewer nests than males from the corresponding controls.
These results clearly demonstrate that the reproductive performance of populations of fish can be adversely affected by exposure to estrogens during a brief critical developmental period, posthatch. Furthermore, even populations in which there are no overt indications of ED (e.g., ovotestis absent, normal sex ratio) may still exhibit abnormal reproductive biology.
A number of mechanisms may have contributed to the results of this study, and it is important to remember that although the primary endpoints measured were male-dependent, both males and females were exposed to estrogen, and the possibility of functionally significant effects on the female fish cannot be excluded. For male sticklebacks, establishing a territory and building a nest is a prerequisite to successful reproduction. The nest building behavior is known to be controlled by the HPG axis and is strongly influenced by gonadal steroids [46] . Plasma concentrations of 11 ketotestosterone, the major androgen in G. aculeatus [46] , have been shown to reach a peak during the nest building and courtship stage [47] . Aggressive behavior, such as nest building, has been shown to be androgen controlled [48, 49] , with castrated males displaying no territorial or nest building behaviors [49, 50] . Plasma androgen levels were not determined during the present study, but interference with the normal pattern of androgen secretion may have contributed to the decrease in nest building activity displayed by the estrogen-treated groups. The results of the present study differ from those of earlier studies that have shown effects of estrogen exposure on reproduction. For the present study, estrogen exposure was limited to a brief period posthatch and was not contemporaneous with the spawning period. If changes in the reproductive endocrine system are wholly or in part responsible for the effects observed in this study, then alterations in the HPG axis in these fish must have occurred because of some developmental or organizational change induced by the juvenile exposure. In the males exposed to 27.7 ng L À1 EE 2 in experiment 1, the presence of oocytes within the testes may have altered steroid synthesis and secretion. Such an alteration could have occurred by a reduction in the volume of functional testicular tissue or as a result of the endocrine influence of the ovarian tissue present in the testes, which, if endocrinologically active, may have interfered directly with, or opposed, normal testis function. It has, for example, been shown that wild intersex roaches have a steroid profile different from those with normal gonads [19] .
More subtle mechanisms must be invoked to account for the observed differences in nest building evident in the experiment 2 males, among which intersex was not detected. These fish appeared morphologically normal and did not display significant alterations in other characteristics. Nonetheless, although evidently capable of breeding, their nest-building behavior was reduced. Mechanisms by which early interference with the developing HPG axis may result in effects in the adult are not well studied in fish, though it seems likely that they will be similar to those identified in other laboratory species. For example, alterations in gonad and duct morphology and expression of androgen receptors have been observed in adult rats and hamsters exposed neonatally to estrogens [51, 52] . À1 EE 2 -exposed fish and controls) (a) and experiment 2 (1.75 ng L À1 EE 2 -exposed fish and controls) (b). Dead eggs defined as unfertilized, dead, or diseased. Statistical differences are marked by *** P , 0.001. Note the different y-axis scales.
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In the present study, the males in both groups of estrogenexposed fish built fewer nests, on average, than the control fish. It is therefore logical to assume that at a population level, reproductive output would be reduced simply because the number of nests becomes a limiting factor, assuming that the numbers of eggs deposited in each nest are not increased to compensate. However, in experiment 1, the nests constructed by estrogen-exposed males contained significantly fewer eggs than the nests of control males. This observation strongly suggests that additional factors, involving alterations in the interactions between male and female fish or estrogen-induced changes in the fecundity of the females, contribute to the overall reproductive output of the estrogen-exposed population. Modifications in courtship behavior, brought about by similar imbalances in circulating androgen levels as already discussed for nest building, seem likely. In addition to these behavioral modifications, there is strong evidence for a reduced attractiveness of the estrogen-exposed male sticklebacks. Characteristics of the nests themselves are thought to indicate to prospective female partners the quality of the male that built them [53, 54] , and some aspects of nest construction are altered by an adult exposure to EE 2 [55] . Male nuptial coloration is another important factor involved in mate choice that has been well studied [56, 57] . By means of the calculated R index as a representation of each male's nuptial coloration, it is clear that the intensity of this display was reduced in both of the exposed groups and significantly so for the males of experiment 1.
This treatment-related effect on nuptial coloration affected the experimental conditions of the present study. It was intended to achieve replicate mesocosm populations with the same sex ratios (5M:10F). However, because of variations in the timing of nuptial coloration between treatment groups, errors in sexing of the fish based on this coloration caused inconsistent sex ratios within the groups. Demographic variations such as these and the associated operational sex ratios (OSRs) are known to be important factors involved in group reproductive dynamics [58, 59] . The intermesocosm variation in OSR therefore had the potential to cause a sexspecific breeding motivational bias, depending on the precise numbers of each sex present. However, in a field study in which the sex ratio of small breeding populations was experimentally biased, it was males breeding in male-biased populations that were less likely to build a nest [60] . This contrasts with the result of experiment 1 of the present study, where it was the control groups, containing relatively more males, that built the most nests. In addition, because the mesocosms housing the estrogen-exposed groups contained fewer males, each of these males had relatively more females with which to spawn. Therefore, an increase in egg deposition per nest might have been expected in these exposed groups, but, in fact, the reverse was observed. It seems clear that the difference observed between estrogen-exposed and control groups in both nest and egg numbers cannot be adequately explained by the different OSRs present.
A further consideration is the possibility that the observed differences in OSRs were treatment related. Because mortalities were replaced as they occurred in the present study, skewing of the sex ratio caused by sex-dependent mortality in estrogen-exposed fish, as previously observed [61] , can be discounted. However, in experiment 1 of this study, the low number of males present in the estrogen-exposed group strongly suggested that some of the phenotypic females present were sex-reversed genetic males. Sex reversal in estrogentreated male sticklebacks has previously been confirmed by genetic sex testing [39] . The reproductive functionality of sexreversed genotypic males and the effects of their interactions with the rest of the population are unknown.
In summary, the exposure of sticklebacks to exogenous estrogen during a highly sensitive critical developmental window [39, 40] , with no additional estrogen exposure as adults, resulted in significantly adverse effects on adult reproductive output at the population level. It appears likely that exposure to estrogen during this brief window can cause a genetic reprogramming of gonadal development, so that even in depurated fish, the intersex, or sex-reversed condition is retained throughout life [62, 63] . More importantly, these data show that effects of early exposure to estrogen can be manifested in adults without attendant morphological indicators of disruption. These organizational effects of EDC exposure require further investigation but are clearly capable of causing reduced reproductive outputs in exposed populations. Such reductions in potential recruitment to the following generations may have implications for the survival of these populations.
